A novel silver nanoparticle (AgNP) formulation was developed as a targeted application for the disinfection of carious dentine. Silver nitrate (AgNO 3 ) was chemically reduced using sodium borohydrate (NaBH 4 ) in the presence of sodium dodecyl sulfate (SDS) to form micelle aggregate structures containing monodisperse 6.7-to 9.2-nm stabilized AgNPs. AgNPs were characterized by measurement of electrical conductivity and dynamic light scattering, scanning electron microscopy, transmission electron microscopy, and inductively coupled plasma mass spectrometry. Antimicrobial activity of AgNPs was tested against planktonic cultures of representative grampositive and gram-negative oral bacteria using well diffusion assays on tryptic soy broth media and monoculture biofilms grown with brain heart infusion ± sucrose anaerobically at 37°C on microtiter plates. Biofilm mass was measured by crystal violet assay. Effects were compared to silver diamine fluoride and chlorhexidine (negative controls) and 70% isopropanol (positive control) exposed cultures. In the presence of AgNPs, triplicate testing against Streptococcus gordonii DL1, C219, G102, and ATCC10558 strains; Streptococcus mutans UA159; Streptococcus mitis I18; and Enterococcus faecalis JH22 for planktonic bacteria, the minimum inhibitory concentrations were as low as 7.6 µg mL -1 and the minimum bacteriocidal concentrations as low as 19.2 µg mL -1 silver concentration. Microplate readings detecting crystal violet light absorption at 590 nm showed statistically significant differences between AgNP-exposed biofilms and where no antimicrobial agents were used. The presence of sucrose did not influence the sensitivity of any of the bacteria. By preventing in vitro biofilm formation for several Streptococcus spp. and E. faecalis, this AgNP formulation demonstrates potential for clinical application inhibiting biofilms.
Introduction
Recently, there has been a paradigm shift in strategies for management of dental caries, with increasing acceptance of techniques that involve partial or minimal caries removal (Kidd 2004; Page 2012) . The emphasis in current strategies is more to seal remaining caries off from the oral environment (MertzFairhurst et al. 1998 ) rather than completely eliminate infected dentine, and success of such treatment is highly dependent on the effectiveness of the seal achieved at the interface between the tooth surface and restorative material, as well as on the overall quality of restoration placed. The longevity of bonded direct restorations involving glass ionomers and composites has been reported to last from as little as 3 y to well over 10 y (Chadwick et al. 2002; Brunthaler et al. 2003; Soncini et al. 2007) . Operator experience and technique sensitivity have been identified as critical factors affecting success of restorative treatment, with the main reason for restoration failure being secondary caries (Bernardo et al. 2007; Demarco et al. 2012) . It has yet to fully emerge to what extent remaining dental caries may play in the reactivation of disease when a restoration fails. The possibility for disinfection of remaining dental caries offers clinicians a greater sense of security when balancing the decision of whether or not to take a more conservative approach to caries removal.
Globally, dental caries remains a significant health problem, with some large populations still only having access to very rudimentary standards of oral health care. Simple strategies that allow clinicians with limited resources or skill, or where patient compliance is an issue, to arrest dental caries by topical disinfection of open lesions provides a useful solution in the absence of other options or as an alternative choice to more invasive treatments.
Currently available regimes for disinfection of tooth surfaces include chemical applications of chlorhexidine (Anderson 2003) , fluoride (Ismail and Hasson 2008) , calcium hydroxide, zinc oxide eugenol, hypochlorites (Nordbo et al. 1996) , ethylenediaminetetraacetic acid (EDTA), peroxide bleaching agents (Haywood 2007) , Carisolv (Ericson et al. 1998 ) and ozone (Azarpazhooh and Limeback 2008; Lynch and Swift 2008) , or surface conditioning by laser irradiation (Featherstone 2000) . In all cases, these techniques fail in some way to achieve their goals by proving to be ineffective, demonstrating an inability to penetrate tooth tissue, having a high cost, or causing undesirable side effects. The antimicrobial activity of silver has long found application in dentistry, initially in the form of ionic compounds and, more recently, in nanoparticle form (Peng et al. 2012) .
Numerous clinical trials have demonstrated that 38% silver diamine fluoride, which provides both ionic silver and fluoride to teeth, is an effective antimicrobial treatment and preventive strategy against active dental caries (Lo et al. 2001; Chu et al. 2002; Llodra et al. 2005; Santos et al. 2014; Gao et al. 2016 ). However, the high concentration of silver required to be clinically effective against active dental caries leaves an undesirable, jet black-colored silver precipitate on the surface of the tooth, compromising aesthetics. Researchers have proposed that with subsequent application of potassium iodide, the silver precipitate can be converted into a white-colored silver iodide precipitate (Knight et al. 2009 ). While a step in the right direction, this still leaves the clinician with a need to either mask the unnatural white color or to etch and wash off the precipitate to achieve aesthetic restorations and avoid adverse effects on bond strengths achieved subsequently (Knight et al. 2006; Koizumi et al. 2016) . Despite these drawbacks, silver diamine fluoride still finds favor for controlling high rates of dental caries in children and for blanket medication of populations with limited access to modern dental facilities. Silver diamine fluoride is readily painted on teeth with little skill or equipment required and with little or no patient compliance issues, unlike traditional rotary instrumentation.
Silver nanoparticles exhibit enhanced reactivity over ionic silver due to the higher surface area to volume ratio of nanoparticles, which exponentially increases as particle size reduces. Size-and shape-dependent effects with silver nanoparticle affecting antimicrobial activity are well documented (Pal et al. 2007) , with the greatest antimicrobial effect observed for smaller nanoparticles.
Several mechanisms for explaining the antimicrobial effects generated by silver have been proposed. First, silver nanoparticles (AgNPs) can readily attach to bacterial cell walls by binding to sulfur-, nitrogen-, or oxygen-containing functional groups of bacterial proteins, causing changes in membrane permeability and leading to leakage of cell contents. The passage of AgNPs <10 nm in diameter into the cytoplasmic matrix can occur, where they interfere with a range of cell processes (Morones et al. 2005) . Within the cytoplasm, free radicals accumulate, and the antimicrobial effects are further enhanced by the presence of oxygen-rich environments, which facilitate an increase in cytoplasmic oxygen levels (Xiu et al. 2012) .
AgNPs are also known to cause depletion of intracellular adenosine triphosphate (ATP) levels and interfere with mitochondrial activity. AgNPs have been reported to induce dosedependent dephosphorylation of tyrosine phosphorylated proteins involved in DNA replication and recombination in some bacteria, affecting cell reproduction, and this is more effective for gram-negative bacteria than gram-positive bacteria. AgNPs have been shown to inhibit phosphomannose isomerase enzyme activity, thereby disturbing catabolic glycolysis of carbohydrates (Bhattacharya and Mukherjee 2008) . These various impacts ultimately cause cell leakage, lysis, and death of the bacteria.
Silver nanoparticles can be synthesized in a number of ways, which includes various forms of chemical reduction, photochemical reduction, laser irradiation aerosol techniques (Evanoff and Chumanov 2005) , or by harnessing natural biological processes (Vaidyanathan et al. 2009 ). The most commonly reported approaches involve variations of the Turkevich method, where silver nitrate (AgNO 3 ) is heated to boiling and reduced with sodium citrate (Na 3 C 6 H 7 O 7 ) (Turkevich et al. 1951) , or the Creighton method, where AgNO 3 is reduced with NaBH 4 (Creighton et al. 1979) . However, AgNPs formed in these ways tend to be unstable in colloidal form, rapidly aggregating and precipitating, losing the unique enhanced properties associated with being nano-sized.
Consequently, deliberate strategies are necessary for producing stabilized AgNPs to maintain product shelf life and for substantive antimicrobial effects desired for dental application. Typically, these techniques involve using ligands during synthesis to bind to the silver, maintaining separation of the nanoparticles in suspension, which would otherwise aggregate as a result of their high surface energy, but producing a wide range of nanoparticle sizes. The ligands contain functional groups such as thiol (-SH), cyano (-CN), carboxyl (-COOH), or amino (-NH 2 ) groups, which bind to the AgNPs (Feng et al. 2000) .
Although other methods for micelle-templated synthesis of AgNPs have previously been reported , until recently, the critical role of controlling reagent concentration to maximize the yield and size control of nanoparticles formed from AgNO 3 in combination with sodium dodecyl sulfate (SDS) was not well understood. By adjusting the surfactant concentration to the effective critical micelle concentration during synthesis (8.1-4.6 mM SDS in the presence of 0-8.8 mM AgNO 3 ), it was possible to optimize the production of 400-to 800-nm assemblies of 50-to 70-nm micelle aggregates, wherein each micelle aggregate contains spherical AgNPs with an average diameter of 6.7 to 9.2 nm (Garden et al. 2014) (Fig.) . The micelle-stabilized nanostructures produced in this way are smaller than the diameter of dentine tubules (900-2,500 nm), retain a negative surface charge over a wide pH range (zeta potential ζ = -44 to -65 mV at pH 2-8), and form a stable aqueous dispersion. Fortuitously, the smaller the nanoparticle size, the more antimicrobial activity is observed (Guzmán et al. 2009 ), and spherical nanoparticles in the 6-to 9-nm range exhibit a pale-yellow color, conveniently close to the color of dentine. In vitro studies have confirmed that AgNP concentrations necessary to produce a therapeutic antimicrobial effect are so low that the resulting colloid appears virtually colorless and is undetectable when applied on tooth tissue (unpublished results).
For this study, AgNPs synthesized as per Garden et al. (2014) were produced for targeted application disinfecting carious dentine. The resulting nanocomposites were characterized by dynamic light-scattering measurements (Malvern Zetasizer Nano; Malvern Instruments), scanning electron microscopy imaging (Zeiss Sigma VP FEG scanning electron microscope; Carl Zeiss), transmission electron microscopy imaging (Philips CM100 BioTWIN Transmission electron microscope; Philips/ FEI Corporation), and inductively coupled plasma mass spectrometry (ICP-MS) (Agilent 7500ce instrument; Agilent Technologies).
Prior to consideration of this novel AgNP formulation for clinical application, in vitro studies were required to confirm antimicrobial efficacy. 
Materials and Methods
Antimicrobial activity of AgNPs was tested against planktonic cultures and monoculture biofilms of representative Grampositive and Gram-negative oral bacteria.
Micro-organisms and Culture Conditions
Test bacteria (listed with their strain designations in Table 1) were revived from frozen culture maintained in the University of Otago culture collection. Assays involving Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus were incubated aerobically, whereas incubation of Streptococcus gordonii, Streptococcus mitis, Streptococcus mutans, and Enterococcus faecalis was anaerobic (85% N 2 ; 10% H 2 ; 5% CO 2 , in an MG500 workstation, Don Whitley Scientific Ltd). Aerobically incubated bacteria were cultured on tryptic soy broth (TSB) agar (Fort Richard) and anaerobically incubated bacteria on Columbia sheep blood agar (Fort Richard). All incubations were carried out at 37°C.
Agar Diffusion Assays
TSB agar plates were prepared with 4 agar-sealed cylindrical wells punched in the agar (6 mm diameter) per plate. Aliquots (30 µL) of the test solutions were pipetted into wells and allowed to absorb into the agar (~30 min). Lawns of microorganisms from overnight brain heart infusion (BHI; Becton Dickenson) cultures were swabbed over the agar and incubated appropriately. The resulting zones of inhibition were measured (at 4 points) from the edge of the well to the border of the microbial growth (Bonev et al. 2008) . Samples taken from zones of inhibition were streaked out onto TSB plates to confirm bacteriostatic or bacteriocidal action depending on whether further growth was elicited.
Determination of Bactericidal and Bacteriostatic Activity
Minimum bactericidal concentrations (MBCs) and minimum inhibitory concentrations (MICs) were determined by diluting test solutions in deionized water, combining diluted test solutions with double-strength BHI to a total volume of 180 µL in 96-well microtiter trays (Grenier Bio-One). Each well was inoculated with 20 µL of 1:10 diluted culture (grown overnight) and the sealed trays incubated at 37°C . The absorbance (A 540 nm ) of each well was determined before and after incubation (Synergy 2 microplate reader; Bio-Tek) to determine the MIC, determined as the lowest concentration of the antimicrobial agent that prevented bacteria growth (indexed to the absorbance of the control without inhibitory agent before incubation). Subsequently, 5-µL samples from each well were spot-plated onto TSB agar and the plates incubated for 24 h to determine viability, which was indicated by wells yielding colonies.
Biofilm Sensitivity Assays
Test bacteria (listed with their strain designations in Table 2 ) selected from strains found to reliably form biofilms were revived from frozen culture maintained in the University of Otago culture collection.
Cultures were incubated overnight in BHI. Aliquots of established culture (100 µL) were added to 9,400 µL of sterile BHI broth (1:100 dilution) to act as starter cultures for subsequent biofilm growth experiments. A second series of starter cultures included 250 µL of 20% sucrose solution (made up of 20 g sucrose in 100 mL sterile water) to provide an additional nutrient source to confirm whether the presence of sucrose enhanced biofilm growth.
Biofilms were created by introducing 300-µL aliquots of starter culture into chimney-wells of 96-well microtiter plates (Cellstar; Griever Bio-One). The 96-well plates were supplied with an overall negatively charged, hydrophilic surface treatment, specifically chosen for their ability to encourage improved cell adherence. The plates were incubated for 24 h, then liquid media were removed from the wells and replenished with fresh BHI media before incubating for a further 24 h.
Crystal Violet Assay
Biofilm mass was measured by crystal violet assay (O'Toole 2011) following treatment of starter cultures by exposing to AgNPs. Inhibitory effects on biofilm growth were compared to those obtained using silver diamine fluoride and chlorhexidineexposed (negative controls) and 70% isopropanol-exposed (positive control) cultures.
Following further incubation in the presence of test substances, the liquid media were removed from the wells with shaking, along with any nonadherent planktonic cells, and the wells were washed by immersing the plates in Tris buffer. This process was repeated twice to remove all unattached cells. Aliquots of 0.1% crystal violet dye (125 µL), prefiltered through a 0.44-µm membrane, were added to each well, and the plates were incubated for 15 min at room temperature. The plates were then rinsed 3 times in Tris buffer following the same method as described previously to remove all excess planktonic cells and dye. Finally, the plates were shaken and blotted dry, then left upside down to dry completely overnight. The dry, stained plates were photographed to enable qualitative assessment.
Ethyl alcohol (200 µL of 95% vol) was added to each well to solubilize the crystal violet dye retained by the biofilm mass. The plates were incubated for 15 min at room temperature, then photographed again for qualitative assessment. Aliquots of the solubilized crystal violet supernatant (125 µL) were then transferred to new, flat-bottomed microtiter plates for measurement of optical absorbance (A 540 nm ) with a microplate spectrophotometer (Synergy 2 microplate reader; Bio-Tek). All incubations were carried out at 37°C.
Results
Material costs associated with fabrication of the micellestabilized AgNP product proved to be low, essentially because it involves extremely low concentrations of silver relative in contrast to the concentration of silver in the typical 38% silver diamine fluoride formulation available as a clinical product.
The colloid-containing micelle-stabilized AgNPs used for testing had a neat silver concentration of 38.4 µg mL -1 . By contrast, the commercial silver diamine fluoride product tested (Riva Star; SDI) "off the shelf" had a neat silver concentration of 320,000 µg mL -1 as determined by ICP-MS analysis. Zones of inhibition were observed with the agar diffusion assay for all planktonic cultures tested, proving strong sensitivity to the neat AgNP sample, and the sample remained effective against for S. aureus (oxford strain) and Streptococcus strains up to a 1:20 dilution (1.8 µg mL -1 silver) ( Table 1 ). The MICs for the colloidal AgNP sample ranged from [Ag] = 7.6 µg mL -1 for E. coli and P. aeruginosa to 19.2 µg mL -1 for S. oxford and E. faecalis, and the MBC was achieved at or below [Ag] = 38.4 µg mL -1 for all bacteria (Table 3) . At deliberately higher silver concentrations, such as those that might be clinically applied to ensure bacteriocidal effects, the SDSstabilized AgNP-containing colloid still appeared pale straw colored and virtually undetectable when applied on the surface of artificial cavities prepared in extracted teeth.
Testing of the AgNP colloid against planktonic cultures of bacteria was repeated over time, up to 18 mo from the time of sample preparation. Each time, similar-sized zones of antimicrobial activity were observed for equivalent dilutions of AgNP colloid used.
Triplicate testing of the AgNP sample against S. gordonii (DL1, C219, G102, and ATCC10558 strains), S. mutans (UA159), S. mitis (I18), and E. faecalis (JH22) revealed that biofilm growth was prevented at silver concentrations as low as 9.4 µg mL -1 . More specifically, crystal violet light absorbance measurement at 540 nm showed statistically significant differences in biofilm volume between AgNP-exposed biofilms and biofilms that were not exposed to an antimicrobial agent ( Table 2) .
The presence of sucrose did not influence the sensitivity of any of the bacteria, as evidenced by equivalent biofilm inhibition.
Discussion
Bacteria selected for testing in this study included early colonizers associated with the initiation and progression of dental caries (Streptococcus spp., P. aeruginosa), root canal infections, and periodontal disease (E. faecalis), as well as reference ). Higher values reflect a larger volume of biofilm mass formed. 1 = negative control (1:100 24-h bacterial broth + BHI), 2 = negative control (1:100 24-h bacterial broth + BHI + 20% sucrose), 3 = positive control (1:100 24-h bacterial broth + BHI ± 20% sucrose + 70% isopropyl alcohol), 4 = AgNP experimental (1:100 24-h bacterial broth + BHI + 30 µL AgNP), 5 = AgNP experimental (1:100 24-h bacterial broth + BHI + 20% sucrose + 30 µL AgNP). ATCC, American Type Culture Collection; BHI, brain heart infusion. organisms commonly used in antimicrobial studies (E. coli and. S. oxford).
The SDS-stabilized AgNP formulation exhibited strong antimicrobial activity against a range of gram-positive and gram-negative bacteria in planktonic, agar-grown, or biofilm cultures. Despite their thick, protective, outer peptidoglycan layer, gram-positive bacteria are very vulnerable to the antimicrobial actions of silver. Although the peptidoglycan layer, sandwiched between the inner and outer cell membranes, are much thinner for gram-negative bacteria, and the outer cell membrane acts as quite an effective barrier, typically conferring resistance to many common antibiotics used for treating infections. However, gram-negative bacteria such as E. coli and P. aeruginosa exhibit no such resistance to the antimicrobial actions of silver, as supported by this study.
By preventing in vitro biofilm formation for several Streptococcus spp. and E. faecalis organisms, our AgNP formulation demonstrates potential for clinical application of inhibiting biofilms. However, it is nevertheless important to understand that this study was limited to exploring the effects on monoculture biofilms, and it is not possible to extrapolate how such an AgNP-containing sample might perform when treating the complex multispecies biofilms associated with dental caries in the oral cavity.
The crystal violet assay offers a simple and reliable method for quantification of biofilms (Stepanovic et al. 2007 ), but it does have some limitations because it nonspecifically stains all biomass, whether living or dead, as well as any extracellular polymeric matrix present. Consequently, while it offers a good indication of overall biofilm response to various conditions organisms are exposed to, it does not offer any clues as to the proportion of viable cells remaining within. However, inhibition of biofilm growth, as evidenced by complete absence of stain eluted, is clearly demonstrated.
At the lower limits of antimicrobial activity observed for the SDS-stabilized AgNP formulation (as low as 7.6 µg mL -1 of silver), the colloid appears almost completely colorless. In separate, unpublished in vitro experiments involving artificial cavities on an extracted tooth, the colloid was readily painted on the tooth surface using a microbrush, with good wetting ability, and caused no visible color changes. Furthermore, the overall negative charge of the micelle structures could be taken advantage of by using iontophoresis to drive the micelle structures down the dentine tubules to reach where bacteria may have invaded .
Antimicrobial assays were repeated for the SDS micellestabilized AgNP formulation numerous times over a time frame of more than 18 mo. Throughout the entire test period, the AgNP formulation retained equivalent potency to freshly synthesized product with no signs of colloidal instability or silver aggregation. Practically, this confirms that the AgNP formulation is likely to have a good shelf life, retaining equivalent potency throughout the period tests, which is consistent with predictions based on the highly negative zeta potential values (ζ = >30 mV), suggesting effective charge separation of particles. Lasting potency and product stability are important features for a product to be effective clinically and commercially successful.
In summary, the SDS-stabilized AgNP formulation shows promise as a potential disinfection treatment for dental caries management, but clinical studies are needed to establish whether any effects are substantive and meaningful.
With excellent wetting ability, it is anticipated the formulation could be wiped onto tooth surfaces with a microbrush to arrest dental caries, disinfecting dentine, and dental caries deliberately remaining. Previously established avid and sustained binding of AgNPs to collagen and hydroxyapatite indicates there is potential to offer sustained antimicrobial benefits following restoration. Furthermore, promising antimicrobial effects demonstrated against monoculture biofilms indicate there is potential to develop a product line targeting different disease processes involving oral biofilms.
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